INTRODUCTION
The Bunyaviridae are a newly defined family of lipid enveloped viruses which have segmented RNA genomes (Porterfield et al. I976 ) . The type species of the family is Bunyamwera virus. The Bunyamwera supergroup of viruses is a group of some 87 bunyavirus isolates divided into I I serological groups with one or more members of one group interrelated to one or more members of other groups. The supergroup includes both the Bunyamwera group and the California encephalitis group of viruses. Some 50 other bunyaviruses are serologically unrelated to members of the supergroup although they exhibit certain structural similarities (Porterfield et al. I976 ) .
We have initiated a study with selected members of the supergroup to determine if, during dual virus infections, high frequency recombination occurs through genome segment reassortment. Using temperature sensitive mutants of various bunyaviruses we hope to be able to determine if such reassortment occurs not only for mutants of a particular virus type, but also between viruses within a serological group and between viruses of different serological groups. With these objectives in mind we report here some comparative structural features of two Bunyamwera group viruses (Main Drain and Bunyamwera viruses) and three California encephalitis viruses (La Crosse, Lumbo and snowshoe hare viruses).
METHODS
Viruses. Lumbo, snowshoe hare, La Crosse, Bunyamwera and Main Drain viruses were obtained from Dr R. Shope, Yale Arbovirus Research Unit, New Haven, Connecticut. Each virus was cloned twice by picking a plaque from a plate of infected BHK 2I cells which contained less than IO plaques/plate. Plaque plugs were stored at -7o °C in 1 ml of MEM medium containing 20 o/o (v/v) foetal calf serum. Virus stocks were subsequently prepared by infecting confluent monolayers of 3 × I o 6 BHK 21 cells with o.I ml of the virus eluted from a plaque plug and incubating the cells for 48 h at 33 °C in the presence of Io ml MEM containing 5 o/o (v/v) foetal calf serum. The clarified supernatant fluids, with infectivity titres ranging from I to IO × Io 7 p.f.u./ml, were stored in samples at -7o°C after adjusting the foetal calf serum concentration to 20 %. The authenticities of our virus stocks of snowshoe hare, La Crosse, Bunyamwera and Main Drain viruses have been verified by Dr R. Shope of the Yale Arbovirus Research Unit, New Haven, Connecticut. Vesicular stomatitis virus (VSV, Indiana serotype) was originally obtained from Dr R. W. Simpson, Rutgers University.
Preparation of antiserum. Antisera to preparations of snowshoe hare, La Crosse, Bunyamwera or Main Drain viruses weie prepared in rabbits. For Main Drain and snowshoe hare viruses approx. I × lO 8 p.f.u, of purified virus were inactivated by ultraviolet light and injected into the peritoneal cavity of rabbits. The animals were re-inoculated with untreated virus at three consecutive 21-day intervals, and bled 2 weeks after each injection. For the other two viruses, antisera were raised in rabbits by a similar procedure using infectious preparations for each inoculation.
Infection of cells and viruspur(fication. Confluent monolayers of 3 x lO 7 BHK 21 cells were
infected with a cloned virus stock at an input multiplicity of o.oot p.f.u./cell. Low multiplicities of infection were used since they have been shown to give higher virus yields for La Crosse virus (Obijeski et al. I976) . Cultures were overlaid with 5o ml of MEM supplemented with 5 ~o (v/v) foetal calf serum and either 0"o5 #Ci/ml l~C-amino acid mixtures, or o'5 #Ci/ml 3H-amino acid mixtures, or 20/zCi/ml 3H-uridine, or IOO/zCi/ml 32P-sodium orthophosphate. The infected cells were incubated at 33 °C for 48 h and the supernatant fluids recovered and clarified from cell debris by centrifuging at 8oo0 g for 30 min at 4 °C. Virus was purified from these fluids by polyethylene glycol-NaC1 precipitation followed by sedimentation in potassium tartrate-glycerol gradients (Obijeski et al. I974) . Virus bands were recovered fiom the gradients, diluted fivefold with TSE buffer (O.Ol M-tris, o.I5M-NaC1 and 0.002 M-EDTA, pH 7"4) and pelleted through a 30% (w/v) sucrose cushion in TSE buffer by centrifuging at 35ocorev/min for 2 h at 4°C in a Spinco SW41 rotor. Virus pellets were resuspended in TSE buffer at protein concentrations of about I mg/ml.
Polyacrylamide gel electrophoresis for resolving virus proteins. Virus preparations (o'5 to
I mg) were precipitated with to°/o (w/v) trichloroacetic acid and the precipitates were recovered by centrifuging at 13000 g for 30 rain at 4°C. Each pellet was washed once in absolute ethanol, centrifuged by the method described above, then dissolved in 0.2 ml o.oi Msodium phosphate buffer, pH 7"0, containing 2. 5 ~o (w/v) SDS, 5 % (v/v) 2-mercaptoethanol, and lO% (v/v) glycerol. The solution was heated to Ioo°C for 3 min, bromophenol blue tracking dye added (o.ooI %) and a sample representing 50 to xoo #g virus polypeptides loaded, then subjected to electrophoresis in 8% polyacrylamide gels containing o.I Msodium phosphate buffer, pH 7"0, o.1 o/o SDS and 8 M-urea as described previously (Obijeski et al. 1974) . The distribution of radioactivity was determined after slicing each gel into I mm sections and eluting the proteins at 37 °C for 18 h with a toluene based scintillation cocktail containing 3 % (v/v) NCS (Amersham-Searle, Chicago, Illinois).
Polyacrylamide gel electrophoresis for resolving virus and cellular RNA species. Labelled virus, or 32P-labelled uninfected cell prepaIations, were extracted for RNA and the RNA species resolved by electrophoresis in 2. 4 °/o gels of polyacrylamide as described previously (Bishop & Roy, 1971) .
Extraction and purification of labelled RNA ; nuclease and phosphatase digestion conditions; resolution of nucleotides by DEAE-cellutose column chromatography. The procedures used for extraction of z2P-labelled virus (I to 4 mg protein) in the presence of IOO/zg unlabelled chick embryo RNA, and the subsequent purification of the virus RNA by exclusion column chromatography in lO% agarose (BioRad, Richmond, California) have been described (Hefti & Bishop, 1975) . Ribonuclease T~ digestion of RNA involved treating a Ioo to I5O #g RNA sample in 1 ml of o'o5 M-sodium acetate buffer, pH 4"5, containing 0.0o2 M-EDTA, with 2 units of ribonuclease T2 (Boehringer Mannheim Corp., New York). The mixture was incubated at 37 °C for 6o rain. Pancreatic ribonuclease digestion of I-5 mg chick embryo RNA was accomplished as described previously (Hefti & Bishop, I975) .
Nucleotides from a ribonuclease T2 digest of virus RNA were adjusted to pH 8.0 with I M-sodium hydroxide, then loaded on a 5 ml column of DEAE cellulose prepared and equilibrated in urea buffer (o.oi M-tris, pH 8.0, 0.002 M-EDTA and 7 M-urea) as described previously (Roy & Bishop, i973) . The column was washed with 3 ml urea buffer and a pancreatic digest of I-5 mg unlabelled chick embryo RNA added. The chromatogram was developed using a 16o ml linear gradient of o'05 i to 0"3O M-LiC1 in urea buffer (Hefti & Bishop, 1975) . As soon as the mononucleotides were eluted, the column wa,; stripped with I M-LiC1 in urea buffer and the nucleotides recovered from the column eluants by barium precipitation as described previously (Hefti & Bishop, 1975) . These nucleotides, after conversion to their hydrogen form (Hefti & Bishop, I975), were re-digested with 2 units of ribonuclease T2 as described above and the digest again chromatographed on DEAEcellulose in conjunction with a pancreatic ribonuclease digest of 1.5 mg chick embryo RNA. Alkaline phosphatase digestion of nucleotides involved incubating a sample in I ml of o.oi M-tris, pH 8-0, o.ooi M-MgC12, with 3"5 units of alkaline phosphatase (Boehringer Mannheim Corp., New York) for 30 min at 37 °C. Thin layer chromatography of nucleotides on PEI cellulose with optical quantities of marker nucleotides (pppA, ppppA, pppG and ppppG, obtained from Sigma, St Louis, Missouri), was perfolmed as described previously (Hayashi & Hayashi, 1972 ; Roy & Bishop, 1973) .
RESULTS

The virus RNA species of four bunyaviruses
A preparation of 3H-uridine labelled Main Drain virus was extracted for RNA and a sample mixed with 32P-labelled VSV Indiana virus RNA and z2P-labelled BHK 21 uninfected cell RNA. The mixture was subjected to electrophoresis in 2"4 % polyacrylamide gels ( Fig. 1) , and the apparent mol. wt. of the Main Drain virus RNA species were determined from their electrophoretic mobilities relative to the mol. wt. and mobilities of both VSV RNA (3"8 × lO 6 ; Repik & Bishop, I973) and BHK 2I 28S and I8S ribosomal RNA species (v75 × Io 6 and 0"7 × lO 6 respectively ; Bishop, Claybrook & Spiegelman, I967 ; Loening, I968). It was determined that the three Main Drain virus RNA species (large, L, medium, M, and small, S) possessed apparent mol. wt. of 3"1 × IO ~, 2.o × IO °, and 0"40 × lO 6 respectively (Table I) . (Fig I and 2) . The estimates are the average of two such determinations.
Preparations of 8zP-labelled snowshoe hare virus or 3H-uridine labelled snowshoe hare, Main Drain, Bunyamwera and La Crosse viruses were extracted for RNA and dual labelled virus RNA mixtures co-electrophoresed in 2"4 % polyacrylamide gels in order to determine if the RNA species of these four viruses could be distinguished (Fig. 2) . The 3zp_ and SHlabelled RNA samples of snowshoe hare virus were, as expected, essentially indistinguishable. By contrast minor, but reproducible, differences were observed between the RNA species of snowshoe hare, La Crosse, Bunyamwera and Main Drain viruses Table I . For the four viruses the S species of RNA was the most notable variable. The S RNA of La Crosse virus was evidently larger than that of snowshoe hare virus which was larger than that of Main Drain virus which in turn was larger than that of Bunyamwera virus. The 18S 3~p. and all-labelled RNA species observed in the snowshoe hare-La Crosse co-electrophoresis (Fig. 2) probably represent contaminant ribosomal RNA from insufficiently purified virus preparations since it was not observed in more highly purified preparations of the same viruses.
RNA (data not shown). The results are given in
Since the electrophoreses of snowshoe hare virus RNA described above were not performed under denaturing conditions we do not know whether the observed apparent mol, wt. represent the actual mol. wt. An oligonucleotide analysis of snowshoe hare virus RNA species is currently being undertaken to answer this question (Repik & Bishop, I973) .
The 5' nucleotide of snowshoe hare virus RNA species Electron microscope evidence has been presented which indicates that the virion nucleocapsids of Uukuniemi virus (Pettersson &von Bonsdorff, 1975) , Lumbo virus (Samso. Bouloy & Hannoun, 1975) , and La Crosse virus (J.
A. Murphy, unpublished data) are circular. To determine if the virus RNA species of snowshoe hare virus are circular (i.e. endless), an analysis was undertaken to determine if there were 5' terminal nucleotides in the RNA preparation. Snowshoe hare virus, labelled by 32P-sodium phosphate, was purified by two successive equilibrium gradient centrifugations, pelleted and the RNA then extracted. The RNA was purified by agarose column chromatography and a sample subjected to polyacrylamide gel electrophoresis. By dividing the amount of radioactivity present in each peak (L,M,S) by the mol. wt. of the respective RNA species (Table 1) , a molar ratio of the three RNA species was obtained. The average of two such analyses gave a molar ratio of o'85 L:l.OO M:I.IO S.
A sample of 1.59 x IO 6 ct/min of purified ~2P-labelled snowshoe hare virus RNA was digested twice with ribonuclease T2, as described in the Methods section. The second ribonuclease digest was resolved by DEAE cellulose column chromatography (Fig. 3) in the presence of a pancreatic ribonuclease digest of optical quantities of chick embryo RNA to provide marker mono-and oligonucleotides (di-, tri-, tetranucleotides, etc.). Other than labelled mononucleotides, presumably derived from labelled oligonucleotides which survived the first ribonuclease T2 digest, a single peak of radioactivity was recovered which eluted with the tetranucleotide isopleth (Fig. 3 a) . This material was recovered as its barium salt by precipitation from alcohol (Hefti & Bishop, I975). After conversion to its sodium form (Hefti & Bishop, 1975) , half of the sample was digested with alkaline phosphatase and subsequently chromatographed on DEAE cellulose with another pancreatic ribonuclease digest of chick embryo RNA (Fig. 3a insert) . All the radioactivity eluted from the column as free phosphate. The second half of the sample was subjected to thin layer chromatography on PEI cellulose with optical quantities of guanosine 5'-triphosphate (pppG), guanosine 5'-tetraphosphate (ppppG), adenosine 5'-triphosphate (pppA) and adenosine 5'-tetraphosphate (ppppA). As shown previously for authentic pppAp (Hayashi & Hayashi, 1972 ; Roy & Bishop, i973) , all the radioactivity was recovered with the adenosine 5'-tetraphosphate standard (Fig. 3b) . From these results it was concluded that there was a single type of 5' nucleotide present in snowshoe hare virus RNA, and that the nucleotide was pppAp.
In order to determine whether the 5' nucleotide was a significant fraction of the total RNA analysed, the recovery of radioactivity from the second ribonuclease T2 digest was computed. The I35o ct/min of 82P-phosphate present in the tetranucleotides represented 0"o85 % of the original radioactivity in the virus RNA. Although the sum mol. wt. of the three RNA species (L,M, and S) was 5"35 x ~o 6 (i.e. I6.O × lO 3 nucleotides, assuming an average nucleotide mol. wt. of 335), since the RNA species were not in exact molar equivalence the corrected nucleotide equivalence was determined to be 14.8 x io 3 nucleotides. Therefore, it was determined that the number of phosphates recovered as adenosine tetraphosphate was 14.8 x io z x 0.00085 i.e. I2.6, enough for one adenosine tetraphosphate for Fig. 3 . The second ribonuclease T2 digest of snowshoe hare virus RNA. The residual nucleotides which survived a first ribonuclease T2 digest of 32P-labelled snowshoe hare virus RNA were recovered and redigested with ribonuclease T~ (Methods). (a) The digest was resolved on DEAE cellulose together with a pancreatic ribonuclease digest of unlabelled chick embryo RNA. The extinction at 26o nm and content of total 3~p radioactivity in each fraction was determined. The tetranucleotide isopleth was recovered, a sample digested with alkaline phosphatase and subsequently resolved on DEAE cellulose together with a second pancreatic ribonuclease digest of chick embryo RNA (insert). © ---©, E ; A--A, 3~p. each RNA species. Although we have not analysed each virus RNA species, these results strongly suggest that the snowshoe hare virus RNA species are not circular.
The major structural polypeptides of five bunyaviruses
It has been shown that La Crosse virus particles possess three major polypeptides, two of which are external gl2ccoproteins (GI and G2) and are susceptible to bromelain digestion while the third, (N), is internal and is associated with the virus RNA (Obijeski et al. I976) . Three major polypeptides have been identified in preparations of snowshoe hare virus (Fig.  4) . By co-electrophoresis of xaC-amino acid labelled snowshoe hare virus with 3H-amino acid labelled VSV Indiana, the mol. wt. of the snowshoe hare virus particle proteins were found to be II 5 x io 3 (GI), 38 x io 3 (G2) and 2I × IO 3 (N). These estimates agree well with the data obtained recently for La Crosse virus (Obijeski et al. 1976) where co-electrophoresis of La Crosse virus polypeptides with seven protein standards (fl-galactosidase, phosphorylase A, bovine serum albumin, or albumin chymotrypsinogen myoglobin and cytochrome c) gave mol. wt. values of 12o × IO 3, 34 x lO 3 and 23 × IO 3 for La Crosse GI, G2 and N polypeptides respectively. In addition, as shown for La Crosse virus (Obijeski et al. 1976 ) , snowshoe hare G~ and G2 proteins can be labelled specifically by 3H-glucosamine and totally removed by pronase or bromelain treatment (data not shown). Also, the N protein of snowshoe hare virus is associated with the virus RNA as determined by velocity gradient centrifugation of Triton X-too disrupted virus (data not shown).
To determine if the major structural polypeptides of snowshoe hare virus could be distinguished from those of other bunyaviruses, x4C-amino acid labelled snowshoe hare virus proteins were mixed with 3H-amino acid labelled preparations of La Crosse, Main Drain, Bunyamwera or Lumbo virus. The mixtures were resolved by polyacrylamide gel electrophoresis (Fig. 5) -The G1 and G2 polypeptides of the five viruses were essentially indistinguishable in the gel system employed. By contrast, the N polypeptides of the five viruses, other than those of snowshoe hare and Main Drain viruses possessed different electrophoretic mobil|ties (Fig. 5) . Estimates of the mol. wt. of the virus particle polypeptides of the five viruses are given in Table 2 . For each type, the G1 and G2 polypepfides were the only virus proteins labelled when the virus was grown in the presence of aH-glucosamine (data not shown). Also, the N polypeptide, as in the case of La Crosse virus (Obijeski et al. I976) , was the only major virion protein associated with the virus RNA.
It was noted that the relative abundance of the three major polypeptides was similar for four of the virus preparations. The exception, Main Drain virus, apparently possessed a greater proportion of nucleocapsid protein. Although repeated analysis of the same virus preparation gave similar results, other Main Drain virus preparations were found to contain amounts of GI protein equivalent to that found in snowshoe hare virus (data not shown). The reason for this variation between virus preparations is not known.
Neutralization of virus infectivity by homologous and heterologous antisera
With antisera prepared against snowshoe hare, La Crosse, Bunyamwera and Main Drain viruses, plaque inhibition of the homologous virus preparations was observed (Table 3) . As shown previously (Sather & Hammon, i967) , only for La Crosse and snowshoe hare viruses and antisera was cross neutralization of infectivity obtained by heterologous virusantiserum combinations (Table 3) .
DISCUSSION
In this report we have demonstrated that minor but distinct differences can be detected between the virus particle RNA and protein species of certain bunyaviruses. The five viruses we have analysed belong to the Bunyamwera supergroup of bunyaviruses ; three (snowshoe hare, La Crosse and Lumbo viruses) are members of the California encephalitis group, and two (Bunyamwera and Main Drain viruses) are members of the Bunyamwera group.
Our analyses of the major virion polypeptides of the five bunyaviruses agree in principle with the results obtained by Rosato and associates (Rosato et al. I974a ; Rosato, Robbins & Eddy, I974b) , who showed that five bunyaviruses (Bunyamwera, Tahyna, Oriboca, California encephalitis BFS 283, and Murutucu) contain three major structural polypeptides. Unlike their estimates of the Bunyamwera virus protein sizes (85 ooo to 2oooo daltons), we have estimated the mol. wt. of the GI polypeptide of Bunyamwera, as well as that of four other bunyaviruses to be approx. I~5 x I@, the Gz approx. 38 × IO 3 and the N polypeptide 19 to z 4 x Io 3. The results recently obtained by White (I975) for California encephalitis virus BFS 283, are somewhat at variance with our results and the results obtained by Rosato et al. (I974a) . White identified three glycoproteins (tool. wt. 8z × lO 3, 38 × Io 3 and 3o × IC) and one nucleocapsid protein (I7"5 x IO3). Uukuniemi virus, a tick borne bunyavirus which is serologically unrelated to members of the supergroup, possesses two envelope glycoproteins (tool. wt. approx. 75 × lO3) and one internal polypeptide (tool. wt. approx. 25 × io3; Pettersson et al. I97I ; yon Bonsdorff & Pettersson, I975) .
The fact that the genome of Lumbo virus consists of three single-stranded RNA species has been documented by Bouloy et al. (I974) . Mol. wt. of a'9 × IO 6, 2 × ~o 6 and o. 5 × ~o 6 have been reported for that virus, in agreement with the results recorded here for four other bunyaviruses. Previous analyses of the RNA of La Crosse virus (McLerran & Arlinghaus, I973) identified six species of RNA, a result we do not confirm. For Uukuniemi virus, four virus particle RNA species were detected (tool. wt. 4"~ x io 6, I"9× Io ~, o-88× Io 6 and o'78 x IO 6 ; Pettersson & K~i~ri~iinen, I973) .
The amount of genetic information resident in the tripartite genomes of the bunyaviruses we have analysed is equivalent to approx. 5"4 × Io 6 daltons of RNA. If all this information is translated into virus proteins, then we would expect some 5"4 × Io5 dalton equivalents of virus polypeptides. Although we do not know the contribution of the carbohydrate portion of the glycoproteins, the sum mol. wt. of the three major structural polypeptides of the virus particles is about I'75 × Io 5. In a recent study of the structural polypeptides of La Crosse virus we identified a minor virus protein (L, tool. wt. approx. I8o × Io 3) accounting for some 3 to 5 % of the total virus particle polypeptide mass. The low amount of this protein and the difficulties encountered in preparing large quantities of virus makes it difficult to identify and/or analyse this polypeptide. Similar proteins have been observed in stained polyacrylamide gels of snowshoe hare, Bunyamwera and Main Drain viruses (unpublished observations). The purpose of this study was to lay the groundwork for genetic analyses of bunyaviruses. High frequency recombination has been obtained with temperature sensitive mutants of snowshoe hare virus (Gentsch & Bishop, 1976) . So far, two recombination-complementation groups have been identified ; whether others exist remains to be determined. Of particular interest is whether high frequency recombination in dual virus infections involves RNA segment reassortment and whether such reassortment occurs between mutants of viruses belonging to the same serological groups, and between viruses belonging to different serological groups. The fact that distinct differences in the structural polypeptides and RNA species of certain viruses can be demonstrated provides us with tools to analyse recombinants of heterotogous virus parentage.
Although the nucleocapsids of three bunyaviruses (Uukuniemi, Lumbo and La Crosse virus) appear to be circular by electron microscopy (Pettersson & von 
